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a b s t r a c t
Although algal biofuels possess great potential, profitable production is quite challenging. Much of this challenge is rooted in the thermodynamic constraints associated with producing fuels with high energy, low entropy, and high exergy from dispersed materials. In this study, a preliminary thermodynamic analysis is presented that calculates the energy, entropy, and exergy of the intermediate products for algal biocrude production. These values are also used in an initial attempt to characterize the thermodynamic efficiency of that system. The production pathway is simplified by assuming ideal solutions throughout. Results for the energy and exergy efficiencies, and the first-order energy and exergy return on investment, of the system are given.
The summary finding is that the first-order energy return on investment in the best case considered could be as high as 520, as compared to 1.7 Â 10 À3 in the experimental unit under development. While this analysis shows that significant improvement may be possible, the ultimate thermodynamic efficiency of algal biofuels likely lies closer to the moderate case examined here, which yielded a first-order energy return on investment of 10. For perspective, the first-order energy return on investment for oil and gas production has been estimated in the literature to be w35. Ó 2012 Elsevier Ltd. All rights reserved.
Background
Thermodynamic analyses are useful for determining the fundamental limits of system performance, particularly for assessing maximum performance levels. This research focuses on determining the maximum theoretical thermodynamic efficiency of an algal biocrude production system for comparison with the performance of real systems. Thus, the goal of this analysis is to determine the minimum amount of work input required for operating the biofuel production pathway analytically and compare that to the useful energy output of the system. Algal biofuel production is a developing industry, currently lacking established processes that lead to energy efficient and cost efficient fuel production [1e4] . Furthermore, there is little hard data for end-to-end production at large-scale. Consequently, in this environment, it is important to focus not only on incremental improvements in existing systems, but also on the fundamental limits to success.
To assess those upper limits, this work focuses on a firstprinciples energy, entropy, and exergy analysis of the algal biocrude production system shown in Fig. 1 . The thermodynamic properties for the intermediate products in this production system are calculated and these values are used in an initial attempt to characterize the fundamental thermodynamic efficiencies of the system. As the algal biofuel production process is carried out, the intermediate products increase in energy density and decrease in specific entropy. The necessity to traverse "down" the entropy ladder, with entropy decreasing and energy density increasing throughout the production pathway, is fundamental to all phototrophic biofuel production.
With knowledge of the energy and entropy of a system (or substance), one can determine the exergy of that system, which is the maximum work that could be produced by that system during ideal processes through which the system is equilibrated with the environment. Therefore, the exergy of a system represents the upper bound of the maximum possible work potential.
In a biofuel production system, the specific exergy of the intermediate products increases throughout the production pathway. This effect is correlated to the decreasing entropy of the intermediate products throughout the production pathway as illustrated in Equation (1) ,
where DB is the change in exergy (during a processing step, for instance), DE is the change in exergy due to a change in internal energy (with DE ¼ DðU þ 1=2V 2 þ gzÞ, which is the change in energy from internal energy, U, kinetic energy, ½V 2 , and gravitational potential energy, gz), P o Dc is the change in exergy due to a change in volume, and T o DS is the change in exergy associated with a change in entropy. For the algal biofuel production pathway (neglecting kinetic energy, gravitational potential energy, and work from changes in volume), this equation reduces to,
Therefore, if the internal energy of a system (or substance) is unchanged during a processing step (DU ¼ 0), exergy is increased (DB > 0) when entropy is decreased (DS < 0). As stipulated by the second law of thermodynamics, the entropy of a closed system can be decreased by extracting heat from, or performing work on, the system. The algal biofuel production pathway is generally in thermal equilibrium with the dead-state environment, which leaves performing work on the system as the only way to reduce the entropy and increase the exergy of the intermediate products.
The fundamental questions thereby become 1) What is the minimum amount of work (i.e., energy) required to produce fuel from algae? 2) How does this theoretical minimum work input compare to the amount of energy (i.e., work) produced from the system?
Knowledge of the minimum work input required would provide insight into the maximum possible thermodynamic efficiencies of algal biofuel production and provide metrics by which real production processes could be judged (analogous to calculating the efficiency of an engine or generator). This study aims to provide an initial answer to these questions as a contribution to better understanding the potential of algal biofuel. The energy, entropy, and exergy flows are defined for three scenarios: 1) the Experimental Case (EC), which has been described in previous publications [1, 5] , 2) the Highly Productive Case II (HPCII), which is similar to the Highly Productive Case that is presented in [1, 5] , and 3) the Idealized Case (IC), 1 which assumes ideal growth and processing. The key measurements for the Experimental Case and assumptions for the other cases are shown in Table 1 . Energy analyses have been conducted previously for algal cultivation [6e8] and an exergy analysis of rapeseed, soybean, and corn biofuels has been presented [9] . In addition, Sorguven and Ozilgen estimated the cumulative net exergy consumption for algal biodiesel production based on a specific model process [10] . While that study presents a useful exergy analysis (particularly associated with the transesterification reaction, which is also addressed by [11] ), it is based on specific growth, harvesting, and oil extraction processes that have not been validated in practice, and do not relate to the fundamental thermodynamic constraints on algal biofuel production (which is the goal of the present study). The hypothetical case presented by Sorguven and Ozilgen and the Experimental Case presented here serve as useful references to the analytical first-principles results of the present study. Finally, Kucukvar and Tatari presented a life-cycle-analysis for co-firing algal biomass with coal for electricity generation, and consider industrial and ecological exergy [12] . However, to the best of our knowledge, this is the first study to conduct an end-to-end firstprinciples thermodynamic assessment of an algal biofuel production process by including the following evaluations: a detailed energy and exergy balance for growth; calculating the energy, entropy, and exergy of all intermediate products; and presenting the energetic efficiency, exergetic efficiency, energy return on investment (EROI), and exergy return on investment (BROI) for the overall process.
Fundamental assumptions
This basic analysis makes some simplifying assumptions to focus on describing the fundamental behavior without addressing the complexity of each individual step in the process. The following important assumptions were made:
The calculations assume that each intermediate product is an ideal solution of two or three parts. In an ideal solution, the interactions among molecules are negligible, such as in an ideal gas [13, 14] . This assumption simplifies the analysis greatly, but also neglects interactions associated with the constituents of Fig. 1 . Algal biofuel production process. Control volume II (CV II) includes an electric power plant in addition to the algal biofuel processing steps in control volume I (CV I). Some of the materials required for operating an actual process (e.g., inoculants, antibiotics, and solvent) are neglected in this first-principles analysis. algae (which are compartmentalized in a complex organization of compounds) and the interactions among algal cells and their surroundings. The process considered is heliotropic growth followed by harvesting, lysing, and bio-oil separations. The analysis approach is expected to be valid for other processes, but the values associated with each step may differ. The dead-state equilibrium (i.e., the environment) is defined according to Szargut et al. as the earth's atmosphere [15] and standard conditions are assumed throughout. Several practical necessities, such as pumping between production steps and solvents required for separations, are also omitted; although, these items can be major components of the energetic cost of algal biofuel production in real systems (cf. [1, 5] ). They are omitted because the details are process specific and likely location specific. Their omission should not be interpreted as an indicator that they are insignificant. The impact of scattering by water in the growth volume is not considered explicitly and the exergy-to-energy ratio of incident radiation is assumed to be 0.93 [15, 16] .
2. Energy, entropy, and exergy of each processing step
Methodology
A first-law analysis is presented that accounts for all energy inputs to the system and allocates the conversion of these energy inputs into chemical and thermal energy flows. In this analysis, it is assumed that the system is operating in steady-state, and thus, it has already been created (construction energy (i.e., capital) is neglected). In addition, the specific and total exergies are calculated for each intermediate product (i.e., the growth volume, algal concentrate, discharge water, lysed algal concentrate, biocrude, and post-extraction algal biomass slurry).
Units and process description
The nomenclature and terminology have been adopted from [17, 18] 
where d is pond depth (0.2 m for all cases) and t c is cultivation time (123 days, 8.17 days, and 5.43 days, for the Experimental, Highly Productive II, and Idealized Cases, respectively). These cultivation times were calculated by dividing the assumed algal concentration at the time of harvesting (in g/L) by the biomass productivity (in g/ L-d) that is derived from the growth model. The entropy data can be converted similarly, as,
To track energy, entropy, and exergy throughout the system using a single reference metric, data are reported not only with respect to the volume of each intermediate product (e.g., the exergy content per liter of algal concentrate (J/L), B AC ), but also with respect to the total growth volume processed (e.g., the exergy content of algal concentrate per liter of processed volume (J/L p ), B AC ). To distinguish between these units, the notation L and L p are used, respectively. Additionally, data presented with respect to the growth volume processed are denoted with an apostrophe accent, such as B AC .
Growth

Growth energy balance
The energy balance for the growth volume is presented in Appendix A, and the analysis simplifies the photosynthesis and metabolism processes in an algal culture to enable direct, simple calculations. The analysis is based on the framework presented by Weyer et al. [8] , who outline the critical energy conversion steps for photosynthetic algal growth, and uses algae stoichiometry estimates presented by Clarens et al. [19] . Specific data for each input of the three cases are shown in Fig. 2 
Entropy of the growth volume
The entropy of several of the input and output flows for algal cultivation is shown in Fig. 2 . Additionally, Table C-1 lists the growth volume composition and the entropy of the growth volume for the Experimental Case, Highly Productive Case II, and Idealized Case, which are 3.88 kJ/L-K, 3.88 kJ/L-K, and 3.87 kJ/L-K, respectively. The specific entropy of an ideal solution at standard conditions, S + , is calculated as,
where n i is the specific molar concentration of component i (in mol/L) ands + i is the standard partial molar entropy of component i (in kJ/mol-K). The standard partial molar entropy of each component can be calculated according to,
where s is the total molar entropy, R is the gas constant (8.314 J/ mol-K), and y is the mole fraction of the component [13] . Based on the empirical correlations provided by Battley, the entropy of algal biomass with a molecular weight of 2414 g/mol is approximately 3180 J/mol-K [21] . This value agrees within 25% of the result obtained using the approximation presented by Ikumi et al. for calculating the entropy of coal (which has a similar composition of carbon, hydrogen, oxygen, and nitrogen) [22] , which is 3937 J/mol-K. The entropy of water is 69.92 J/mol-K [13] . Fig. 2 lists the exergy of each energy and material input to the growth volume. The exergy of solar radiation has received extensive attention in the literature [9,15,16,23e26] and many studies assume an exergy-to-energy ratio of 0.93 [9, 15] , which corresponds to direct solar radiation absorbed by a black-body [15, 16] . The difference between exergy and energy is associated with emission and absorption effects of the solar conversion system. In real algal cultivation systems, scattering by water will reduce the available energy and exergy of incident sunlight once it has entered the growth volume [16] . The specific scattering interactions are beyond the scope of this study and the associated losses are not considered explicitly in the present analysis. However, in this model, these losses are considered implicitly because the non-PAR radiation is absorbed by the growth volume and much of the PAR radiation is also absorbed by the growth volume, as specified by the photonutilization efficiency (PUE). Appendix A provides a detailed discussion of the energy and exergy balances for growth.
Exergy of the growth volume
The exergy for electrical energy inputs was assumed to be equal to the energy input and the exergies for material inputs were determined using the standard chemical exergy values ðb ch Þ listed in reference materials: 19,870 J/mol for CO 2 , 900 J/mol for H 2 O (l), 9500 J/mol for H 2 O (g), À22,700 J/mol for NaNO 3 , 412,650 J/mol for P 2 O 5 , 3970 J/mol for O 2 , and 74,900 J/mol for NaOH [15, 27] . As shown in Fig. 2 , the conversion efficiency of solar exergy to biomass exergy is 0.04%, 3%, and 12% for the Experimental Case, Highly Productive Case II, and Idealized Case.
The specific exergy of the growth volume, B GV , was determined assuming an ideal solution from Equation (7), which is, B ¼ X n i ,b
where n i is the specific molar concentration of component i (in mol/ kL) andb chi is the specific molar chemical exergy of each component, which can be calculated according to, , can be calculated using Equation (A-10) (cf. Appendix A) as described by Szargut et al. [15] and Moran and Shapiro [27] to be,
where HHV is the higher heating value of algal biomass, s is the entropy of each compound, and n is the amount of each compound in Equation (A-10 (7) and (8) 
where B GV is the exergy per liter of the growth volume (GV) processed, B in is the total (non-work) exergy input from solar radiation and material exergy inputs per L processed, W in is the work input per L processed, and S gen is the entropy generation per liter of processed volume. Setting the entropy generation term in Equation (10) equal to zero (assuming a reversible process) and inserting exergy data listed in Table 2 and Table C-1 yields the minimum work input required for each case. Because there is an excess of exergy supplied to the system, the minimum work input required for growth is zero for all three cases.
For real processes, the amount of entropy generation can be determined by solving Equation (10) using the actual work that was performed on the system, as listed in Table 2 . In the Highly Productive Case II, the only work input is from mixing and the Idealized Case assumes no work inputs. For each case, reflection and absorption of irradiance (with subsequent dissipation to the environment) results in a large amount of exergy loss and entropy generation, as illustrated in Fig. 4 and Appendix A.
Additional parameters for growth
The cultivation process model is greatly simplified with respect to real conditions for growing algae. Specifically, energy required to supply nutrients (including CO 2 ) is neglected and mixing is assumed to be accomplished at no cost in the Idealized Case and at a minimal cost (99 J/L-d) in the Highly Productive Case II. A more detailed radiation model is needed to determine the scattering losses from water in the growth volume and to calculate absorption characteristics for photosynthesis in algal cultures with similar detail as the analysis presented by Petela for plants [25] . In addition, more specific data are needed regarding nutrient uptake and mass transfer [29] , as it was assumed that 100% of nitrogen and phosphorus are assimilated into biomass, and all other nutrients were neglected. The exergy impact of evaporation and the impact of additional materials in the culture media (e.g., salt) and contaminants should also be considered.
Harvesting
Harvesting energy balance
The harvesting process consists of one material input (the growth volume), two material outputs (algal concentrate and discharge water), work input, and heat dissipation output. Assuming the biomass energy content does not change during harvesting, the energy content of the algal concentrate (AC) (in kJ per L of processed volume) is calculated as,
where 4 harv is the harvesting efficiency (0.92, 0.95, and 1 for Experimental Case, Highly Productive Case II, and Idealized Case, respectively). To satisfy the first law, it is assumed that all work added to the system during harvesting is dissipated as heat. The energy content of the algal concentrate and discharge water are listed in Table 3 .
Entropy of the algal concentrate and discharge water
As was done for the growth volume, the entropy of the algal concentrate and discharge water can be calculated from Equations (5) and (6) and the relevant data are listed in Tables C-2 and C-3. As one would expect, the algal concentrate has lower specific entropy than the growth volume, which reflects the greater difference between the concentrate and the dead-state equilibrium than the difference between the growth volume and the dead-state equilibrium.
Exergy of algal concentrate and discharge water
The specific exergy of the algal concentrate is calculated using the relations in Equations (7) and (8) and the results are listed in Table C-2. The specific exergy of the algal concentrate in these cases is 8e47 times greater than that of the growth volume, which quantifies the increased volumetric usefulness of the concentrate. The exergy of the discharge water is listed in Table C-3. The exergy balance for the harvesting system is characterized by, 
where B is the exergy per liter processed of the discharge water (DW), algal concentrate (AC), and growth volume (GV), W in is the work input per liter processed, and S gen is the entropy generation per liter processed. Setting the entropy generation term in Equation (12) equal to zero and inserting exergy data listed in Table 3 yields the minimum work input required for each case, and these values are also listed in Table 3 . The minimum work input required is directly related to the algal concentration, with greater concentrations yielding a greater amount of mixing entropy, therefore requiring a greater work input for separation.
For real processes, the amount of entropy generation can be determined by solving Equation (12) using the actual work that was performed on the system (listed in Table 3 ). The work input for harvesting in the Experimental Case and the Highly Productive Case II is 22.82 MJ/kL p and 0.96 MJ/kL p , respectively. The work input in the Idealized Case is assumed to be the minimum amount required, as calculated above.
Additional parameters to be considered for harvesting
Real harvesting processes are affected by electrostatic forces that exist between algal cells in the growth volume and by viscous drag that opposes algal cell motion through the growth volume. These forces have been neglected by assuming ideal solutions and, as a result, it the minimum work required for a real process will be greater than that calculated here. The potential "free work" input from gravity or use of chemical flocculation methods should be considered. Finally, as demonstrated in [5, 30] , the cell structure and chemical composition of algae can change during processing, and this effect should be considered in future models.
Lysing
As described in [1, 5, 30] , cell lysing is accomplished by exposing algal cells to a series of electrical pulses, which compromise the cell membrane enabling extraction of the neutral lipids. Lysing brings the algal concentrate closer to equilibrium with the dead-state environment by compromising barriers (cell membranes) between the concentrated material and the dead-state, thereby increasing the entropy of the system. While this process generally opposes the desired progression "down" the entropy ladder, lysing is necessary because the cell membranes must be broken to enable the neutral lipids to be separated from the non-lipid biomass, an overall process that reduces the specific entropy (see "Separations"). The lysed biomass and lysing loss (which is compositionally equivalent to the lysed biomass, but not recovered during the lysing process) are modeled as an ideal solution of triglyceride (TAG, specifically glyceryl trioleate), non-lipid biomass (BM), and water.
Lysing energy balance
The lysing process consists of one material input (algal concentrate), two material outputs (lysed concentrate and lysing loss), work input, and heat dissipation. It is assumed that the overall energy content of the algal biomass is unaffected during lysing. The energy content of the lysed concentrate, ED LC , can be calculated as,
where 4 cellys is the cell lysing efficiency. The energy content of the lysed concentrate and lysing loss are listed in Table 4 for each of the three cases. To satisfy the first law, it is assumed that all electrical energy consumed during lysing is dissipated as heat loss (either from the electrical components or the algal concentrate).
Entropy of the lysed concentrate and lysing loss
The entropy of the lysed concentrate (LC) and lysing loss (LL) can be calculated from Equations (5) and (6) and the relevant data are listed in Tables C-4 and C-5. The lysing process is modeled as,
where n is the number of moles of water, TAG, and non-lipid biomass (BS). For the Experimental Case, the neutral lipid content was estimated to be 1.8% by HPLC [5] , and all of the neutral lipids are assumed to be TAG for this analysis (TAGF ¼ 1). The lipid fraction of the Highly Productive Case II and Idealized Case is assumed to The specific entropy of the lysed concentrate is greater than that of the un-lysed algal concentrate for each of the three cases. This result reflects the impact of including a third component in the ideal solution model and agrees, in principle, with the increased entropy that is expected due to rupturing the cell membranes during lysing.
Exergy of the lysed concentrate and lysing loss
The exergy of the lysed concentrate and the lysing loss can be calculated using the relations in Equations (7) and (8) for a threepart solution. The standard chemical exergy and HHV of triglyceride (TAG) and non-lipid biomass (BM) are calculated in Appendix B. The exergy of the lysed concentrate is lower than that of the algal concentrate for all cases (due to the increase in entropy). The exergy balance for the lysing process is characterized by,
where B is the exergy per liter processed of the lysed concentrate (LC), lysing loss (LL), and algal concentrate (AC), W in is the work input per liter processed, and S gen is the entropy generation per liter of processed volume. Setting the entropy generation term in Equation (15) equal to zero and inserting exergy data listed in Table 4 yields the minimum work input required for each case, and these values are also listed in Table 4 . Since the exergy of the lysed concentrate and lysing loss are less than that of the algal concentrate, the minimum work input is assumed to be zero. This result is an artifact of the ideal solution assumption. For real processes, the amount of entropy generation can be determined by solving Equation (15) using the actual work that was performed on the system (listed in Table 4 ).
The increased entropy associated with rupturing cell membranes should result in a reduced exergy (cf. Equation (1)). However, the exergy associated with energy stored in living biological structures, such as membranes, is not specifically included in the exergy calculation here, which assumes ideal solutions. The exergy loss that occurs during lysing is the result of calculating the change in exergy indirectly as the difference between the exergy of a two-part ideal solution (the algal concentrate) and a three-part ideal solution (the lysed concentrate). Since the three-part solution is in a higher entropy state (more mixed), it contains less exergy.
Additional parameters to be considered for lysing
The ideal solution assumption imparts significant divergence from reality for lysing, as lysing is specifically designed to compromise cell membranes that exist to preserve compartmentalization. As a result, it was calculated that no work is required for the lysing process. In reality, the minimum work input required for lysing is the minimum amount of energy required to compromise the cell membrane. The mechanical properties of lipid vesicle membranes and membranes in animal cells have been measured, including under the application of strong electric fields [31e34]. Electromechanical pulsing is intended to create a mechanical stress to compromise the cell membrane, and therefore the results from those studies provide a basis for comparison of algal cell properties in future models.
Separations
Biocrude is recovered from the algal biomass during the separations process. There are several techniques available for separating neutral lipids from algal biomass, including solvent extraction on dry biomass and wet extraction processes [1, 5, 35] . In the experiments, biocrude was recovered using a membrane, while in the Highly Productive Case II and Idealized Case models, the specific technology used for separations is not specified.
Separations energy balance
The separations process consists of one material input (lysed concentrate), four material outputs (biocrude (triglyceride), biocrude loss, post-extraction biomass slurry, and post-extraction biomass slurry loss), work input, and heat output. The biocrude loss and the post-extraction biomass slurry loss are compositionally equivalent to their recovered counterparts. The energy content of the biocrude can be calculated as,
and the energy content of the biocrude loss can be calculated as,
where M LM is the mass of lysed algae, 4 sep is the separations efficiency, HHV BC is the higher heating value of biocrude (39.6 MJ/kg), LF is the lipid fraction, and TAGF is the triglyceride fraction (cf. [17] for details on the nomenclature Table 5 lists the results for the energy content of each of the four material outputs.
Entropy of the biocrude and post-extraction biomass slurry
As was done for the intermediate products above, the entropy of the biocrude and post-extraction biomass slurry can be calculated from Equations (5) and (6) and the relevant data are listed in Tables C-6 and C-8. Similar data are listed in Tables C-7 and C-9 for the post-extraction biomass slurry that is lost and the lost biocrude, respectively.
The specific entropy of the post-extraction biomass is greater than that of the lysed concentrate, as expected, which reflects the greater dilution of the post-extraction slurry. However, the total entropy contained in the post-extraction biomass per kL of processed volume is less than that for the lysed concentrate because entropy is removed from the material with the separated lipids.
Exergy of the biocrude and post-extraction biomass slurry
The exergy of the recovered biocrude and post-extraction biomass is listed in Table 5 . The exergy balance for separations is characterized by,
where B is the exergy per liter processed of the biocrude (BC), biocrude loss (BCL), biomass in slurry (BS), and lost biomass in slurry (BSL).
W in is the work input per L processed, and S gen is the entropy generation per liter of processed volume. Setting the entropy generation term in Equation (20) equal to zero and inserting exergy data listed in Table 5 yields the minimum work input required for each case, and these values are also listed in Table 5 . For real processes, the amount of entropy generation can be determined by solving Equation (20) using the actual work that was performed on the system (listed in Table 5 ).
Additional parameters to be considered for separations
Separation processes usually require a solvent to separate the neutral lipids from the biomass, which is subsequently distilled to recover the biocrude. Therefore, the separations process uses chemical interactions between components in the mixture as the driving force to isolate the biocrude. However, in the firstprinciples model presented here, the products are treated as ideal solutions, which specifically neglect chemical interactions between components. As a result, the first-order results presented here characterize the exergy of the idealized biocrude and postextraction biomass slurry, but do not adequately reflect all of the barriers that must be overcome to separate the biocrude from the lysed concentrate. In the model presented here, all of the neutral lipids were assumed to be triglyceride, while in real systems the neutral lipid fraction will contain a range of lipid species. Changes in cell structure and composition have the potential to impact the exergy of the separated materials, and the results in [5, 30] demonstrate the likelihood of neutral lipids degrading during the separations step. Fig. 3 lists the mass, energy, entropy, and exergy of each intermediate product in the algal biofuel production pathway. The data are reported as specific values (with respect to the volume of that intermediate product) and with respect to the amount of processed volume (cf. "Units and process description"). To illustrate the exergy flows associated with the algal biofuel production pathway, a Sankey diagram is shown in Fig. 4 that plots the exergy inputs and outputs for the Highly Productive Case II. Each production step is illustrated with a white box and the amount of exergy associated with each input and output for each step are proportional to the size of the corresponding bar. This diagram conveys the concept of the exergetic efficiency, h b , which is defined and described below. 
Intermediate product thermodynamic property summary
. Energetic efficiency
The energetic efficiency, h e , of the entire system is the direct energy output, ED out , divided by the total energy input to the system, ET in , as shown in Equation (21),
where ED BC is the energy output of the biocrude and ED BS is the energy output of the biomass slurry. The total energy input includes chemical, thermal, and solar energy supplied to the system. The energetic efficiency of the growth phase can be characterized as, h e growth ¼ ED GM ET in growth (22) where ED GM is the energy content of the grown mass and ET in growth is the total energy input for growth. The energetic efficiency of processing, h eproc , can be defined as,
where W inproc is the work input during processing. Results for these energy efficiencies are listed in Table 6 .
While the overall energy efficiency is a useful metric to evaluate the conversion of solar energy and work inputs to useful fuel products, it is also valuable to know the ratio of useful energy output divided by energy expense, which is calculated as the firstorder energy return on investment (1st O EROI) (cf. [1, 18] ). For the algal biofuel production system, the first-order EROI is therefore,
where W in is the work input to the system. Using the data in Table 6 , the 1st O EROI for the growth and processing steps of the Experimental Case, Highly Productive Case II, and Idealized Case is 1.7 Â 10 À3 , 9.8, and 520, respectively. This result for the Experimental Case is 73% greater than the 1st O EROI reported in [1, 5] (which is 9.8 Â 10 À4 ), because the analysis in [1, 5] included refining work inputs and assumed a lower post-extraction biomass energy content (13.75 MJ/kg versus 24.21 MJ/kg). The 1st O EROI for the Highly Productive Case described in [1, 5] , which assumes a greater amount of work input than the Highly Productive Case II, is 1.5, which is on the same order of magnitude as that calculated for the Highly Productive Case II (9.8).
As stated above, the goal of this analysis is to determine the minimum amount of work input required for operating the biofuel production pathway analytically and compares that to the useful energy output of the system. Based on the results presented above, the minimum work input is best represented as,
where W * is the work input required for real processes that is in addition to the minimum work input required if the intermediate products are ideal solutions, W minI:S: (which was determined for each step in the preceding sections). Equation (25) can be expanded to include growth, harvesting, cell lysing, and separations as,
The maximum 1st O EROI is therefore,
As shown in Since the analysis presented here only contains work inputs associated with entropy of mixing, a greater amount of work would be required to "unmix" the Idealized Case than the Highly Productive Case II because the Idealized Case contains five times more algae. However, the Idealized Case also has a greater energy yield (slightly more than 5Â). These differences cause the difference in the 1st O EROI max for these cases. The 1st O EROI of the Idealized Case is the same as that for the 1st O EROI max case because all of the work inputs for the Idealized Case were specified to be the minimum required if the intermediate products were ideal solutions. 
Exergetic efficiency
The exergetic efficiency, h b , of the algal biofuel production system is the exergy output divided by the exergy input for operating the system, (28) where BD BC is the exergy content of the biocrude, BD BS is the exergy content of the post-extraction biomass in slurry, and BT in is the total exergy input to the system. The exergetic efficiency of the growth phase can be characterized as, (29) where BD GM is the exergy content of the grown mass and BT in growth is the total exergy input for growth. The exergetic efficiency of processing, h bproc , can be defined as,
where W inproc is the work input during processing. Results for these exergy efficiencies are listed in Table 6 .
The exergy return on investment (BROI) is the exergy of the fuels produced divided by exergy expenses (i.e., work input). Therefore, analogous to the energy return on investment, the firstorder BROI (1st O BROI) can be defined for the algal biofuel production system as,
where W in is the work input to the system. Using the data in Table 6 
Conclusions
As described in the introduction, the goal of the algal biofuel production pathway, which is common to other biofuel production pathways, is to produce energy-dense, low-entropy fuels from materials with low energy density and high entropy. This study successfully demonstrates these trends, from a first-principles analysis, by characterizing the thermodynamic properties of each intermediate product under the ideal solution assumption.
The maximum energetic and exergetic efficiencies, which were obtained for the Idealized Case, were 0.14 and 0.14, respectively, while more realistic values obtained for the Highly Productive Case II were 0.03 and 0.03, respectively. The goal of any energy providing system is to produce energy products that contain a greater amount of energy (and exergy) than the amount of energy (and exergy) spent during their acquisition. The energy return on investment and exergy return on investment are metrics that characterize the inputeoutput ratio. For the Highly Productive Case II and the Idealized Case (assuming intermediate products were ideal solutions), the maximum first-order EROI and BROI values were calculated to be about 450e550, indicating that algal biofuel production under these conditions would be very profitable. However, when assuming more realistic work inputs, the first-order EROI and BROI for the Highly Productive Case II (which is still highly optimistic) were about 10.
It is also important to consider the impact of indirect energy inputs, such as energy embedded in material inputs, which is not included in the first-order EROI or first-order BROI. The secondorder EROI includes indirect energy inputs, in addition to direct energy inputs. Therefore, the second-order EROI is always less than the first-order EROI [36] . The second-order EROI cannot be calculated for the Highly Productive Case II or the Idealized Case because the energy embedded in some material inputs is not known. However, the importance of considering indirect energy inputs can be illustrated by the significant disparity between the first-order EROI of the Highly Productive Case II (9.77), the first-order EROI of the Highly Productive Case described in [1, 5] (1.5), and the secondorder EROI for the Highly Productive Case (0.22) calculated in [1, 5] . These metrics can be used to provide direct comparisons to other energy systems. For example, for oil and gas co-production, the firstand second-order energy return on investment values have been estimated to be w35 and w15, respectively, and the second-order energy return on investment for coal production has been estimated to be w80 [37] . These comparisons demonstrate that, even for a highly optimistic scenario such as the Highly Productive Case II (first-order EROI ¼ 10), or a more realistic scenario such as the Highly Productive Case (first-order EROI ¼ 1.5), the return on investment for algal biofuels will most likely remain lower than that for fossil fuels (e.g., the first-order EROI for oil and gas production is w35).
The energy and exergy efficiencies for any real algal biofuel system are expected to be significantly lower than those calculated for the Highly Productive Case II and the Idealized Case. A major research thrust for future work is to determine values of W * for each step and incorporate those contributions into the calculation of the maximum possible energy and exergy efficiencies of the system (cf. Equations (27) and (32)). The results presented in this analysis outline a framework for calculating the maximum possible thermodynamic efficiencies of producing fuel from algae and provide initial estimates for the thermodynamic properties of the intermediate products. However, greater detail is needed to accurately model each processing step, by including, among other things, all energy inputs required for cultivation, radiation scattering in water, electrostatic and viscous forces during harvesting, losses that occur during lysing, and chemical interactions that govern separations, as each of these
effects were neglected in the present study, but are unavoidable in reality. Determining accurate models for each of these steps would enable an analytical assessment of the maximum theoretical thermodynamic efficiencies of a real algal biofuel production system, measures that would be quite valuable for assessing the fundamental feasibility of algal biofuels and for evaluating the efficiency of real production pathways.
where PAR is the photosynthetically active radiation, PTE is the photon transmission efficiency, and PUE is the photon-utilization efficiency (cf. Weyer et al. [8] ). The cultivation time is t c , d is the pond depth, and a, CoL, and s, are defined below. For convenience in characterizing the Experimental Case (where most terms in Equation (A-2) are unknown, but can be calculated when combined), b is defined as,
and was determined indirectly to be 9.74 Â 10
À4
. For the Highly Productive Case II and the Idealized Case, b is 0.04 and 0.31, respectively. In Equation (A-2), the term a characterizes the efficiency by which photons used for photosynthesis are converted to glucose through the following reaction (Z-scheme photosynthesis),
The amount of excess heat, Q ex , can be determined by conducting an enthalpy balance on Equation (A-4) , which is,
Assuming standard conditions, these enthalpy values reduce to the enthalpy of formation for each term, which are, ðÀ393:5ÞþðÀ285:8Þ þ8 225:3 /ðÀ211:83Þ þð0ÞþQ ex kJ mol
The enthalpy of formation data were obtained from [27] . Therefore, in addition to the energy used to drive the chemical reaction, there is 1047.4 kJ of excess photon energy, Q ex , that is absorbed for each mol of glucose produced. The higher heating value of glucose (CH 2 O) is 467.5 kJ/mol, represented by Q rel and calculated from the enthalpy balance at standard conditions of,
Therefore, 0.26 kJ of glucose energy are produced for each kJ of photon energy participating in photosynthesis, and this ratio is incorporated in Equation (A-2) as a, which is therefore,
The cost of living term, CoL, characterizes how much of the glucose energy is consumed for cell maintenance, ranging from 0 in the Idealized Case (with no glucose consumed for cell maintenance) to 0.5 in the Highly Productive Case II. Assuming algae have the stoichiometry defined by Clarens et al. [19] (C 106 H 181 O 45 N 15 P), the conversion of glucose to algal biomass can be grossly approximated as,
where Q glucÀBM is heat absorbed during this endothermic reaction.
The heating values for algae can be determined using the following reaction , to be À9.20 MJ/mol. The lower heating value, LHV, can then be determined from Equation (A-11) using the enthalpy of formation of water vapor (À241.8 kJ/mol), and is 22.84 MJ/kg. Conducting an energy balance around Equation (A-9) yields, 106ðÀ212Þ þ 15ðÀ468Þ þ 0:5ðÀ1492Þ þ Q glucÀBM /ðÀ9200Þ þ 8ðÀ285:8Þ þ 42:75ð0Þ þ 15ðÀ734:9Þ ½kJ (A-13)
The heat absorbed during this reaction, Q glucÀBM , is therefore 7.65 MJ per mol of algae produced. Assuming a negligible energy content of NaNO 3 , P 2 O 5 , and NaOH, a first-law analysis of this conversion process yields, 49:57 MJ glucose energy þ 7:65 MJ of heat / 59:12 MJ of algal biomass energy (A-14)
which is within 3.7% of being balanced, sufficient for this analysis. The energy conversion of glucose (with a HHV of 467.5 kJ/mol) to biomass energy is represented by s ¼ 59; 120=106,467:5 ¼ 1:19.
As an example (and shown in Fig. 2 
Energy outputs from growth
Irradiance (reflected and absorbed): As described above, the majority of the incident radiation is reflected or absorbed as heat. The quantitative proportions of these contributions are unknown in the Experimental Case, which prevents some of the parameters listed in Table C Respiration: The amount of incident energy that is converted to glucose and consumed for cell functions via respiration is not known for the Experimental Case. For the Idealized Case, it is assumed that the cost of living is zero, although achieving this assumption is not possible in reality. However, for the Highly Productive Case II, the cost of living is assumed to be 50% of the glucose produced from photosynthesis, and this process releases 
Photosynthetic efficiency of growth
The photosynthetic efficiency can be calculated for each case as the energy content of the glucose produced during photosynthesis divided by the incident radiant energy. This value is different than the overall energy efficiency of growth, which includes the cost of where P GM is the grown mass productivity (in g/L p -d), HHV GM is the higher heating value of grown algal biomass (in units of kJ/g), and I is the volumetric incident radiation (in units of kJ/L p ). The values for each of these terms are provided above and yield photosynthetic efficiencies of 5.6 and 11.9 for the Highly Productive Case II and the Idealized Case, respectively.
Growth volume temperature
The growth model presented above assumes a large portion of the incident radiation and the mixing energy is absorbed and dissipated as heat. To evaluate the validity of this assumption, the temperature of the growth volume can be determined by estimating the heat transfer from the growth volume to the surroundings. For this analysis, the growth volume is assumed to be 0.2 m deep. The total heat absorbed by the growth volume (in 1 m
where Q nonÀPAR is the non-photosynthetically active radiation, Q nonÀUtil is the non-utilized radiation, Q ex is the excess photon energy, Q resp is the heat released during respiration, and Q mix is the energy input for mixing (which is assumed to eventually be released as heat). These terms are calculated from the transmitted portion of the incident radiation, reported in units of MJ/m 2 -yr, and listed in Fig. 2 . For the Highly Productive Case II and the Idealized Case, Q abs for a square meter of growth volume in one day is 17.83 MJ and 31.82 MJ, respectively. The growth system is modeled as receiving a constant power flux for 12 h per day. The growth volume is modeled with lumped capacitance, assuming a steady-state condition is reached relatively quickly each day. Additional complexity is needed to accurately model thermal conditions, however, these complexities are location-specific, season-specific, and material-specific, thereby exceeding the scope of this analysis. The heat stored and dissipated from 1 m 2 of the growth volume in a day (Q s,d ), which must equal Q abs , is,
where Q stored is the heat stored in the growth volume during the day, Q conv is heat convection to the surrounding air, Q cond is heat conduction to the ground, Q rad is emitted radiation, and Q evap is the latent heat associated with water evaporation. Equation (A-19) can be expanded to be,
The terms in this equation are defined as follows: m 0 is the areal mass of the growth volume (200 kg per m 2 ), C is the specific heat capacity (4.18 kJ/kg-K), T w is the steady-state water temperature (to be determined), T 0 is the initial temperature of the water (which can be assumed to be the same as the temperature of the environment, T N ¼ 298 K, due to cooling that occurs overnight), h is the convection coefficient, A is the upper surface area (i.e., the top), k is the conductivity of the material between the growth volume and the ground, A g is the conduction area (i.e., the bottom), L is the thickness of the material between the growth volume and the ground, T g is the ground temperature (which can be assumed to be The symbols for the data presented in the following tables are: 
